We describe the use of tris (2,2'-bipyridine) ruthenium (n) (Rubipy) as a cationic fluorochrome for cytochemical and histochemical studies. After staining with Rubipy, mast cell granules (MCGs) and lymphocyte nuclei (LN) from mouse peritoneal cavity and human breast carcinoma showed intense orange fluorescence and no fading under blue or blueviolet exciting light. Staining at low pH (a) or pre-treatment with A13+ ions strongly diminished the fluorescence of LN, whereas that of MCG was less affected. Ca2 + and Ba2 + ions only diminished MCG fluorescence. Blots of DNA, pectic acid, heparin, and other sulfated polysaahrides stained with Rubipy showed high emission, which was reduced in DNA and pectic acid staining at low pH. Studies with chemically
Introduction
Ruthenium and other metal ions (i.e., Fe, Cu, CO) have the ability to bind to bi-or tridentate organic molecules with a,a'-diimine groups to form stable chelato-compounds (20) . Some of these metal complexes have been widely used in analytical chemistry (4, 26) , but at present their application as catalysts in photo-and electrochemical reactions (1432) and as selective macromolecular ligands (10, 13, 22, 24) has attracted a growing interest in physicochemistry and biochemistry.
The ruthenium compounds tris (1,lO-phenanthroline) ruthenium (11) [R~(phen)3~+], tris (2,2'-bipyridine) ruthenium (11) [Ru(bipy)s2+; hereafter Rubipy], bis (2,2',2"-terpyridine) ruthenium modified heparins suggested that 0-sulfates were more important than N-sulfates in Rubipy-heparin interactions. These results are in agreement with an ionic binding mode between Rubipy and heparin. A very suitable method for mast cell detection was found with Mayer's hematoxylin before Rubipy staining, which could be of great value for histopathological studies. This procedure allowed vkualization of the mast cells by fluorescence microscopy, and nuclei and tissue morphology were easily visualized under brightfield illumination. ( J Hisrochem Cyrochem 431537-543, 1995) (11) [R~(terpy)2~'], and tris (4,7-diphenyl-l,l0-phenanthroline) ruthenium (11) [Ru(DIP)~~+] are cationic complexes of ruthenium with different polypyridyl ligands. They have chirality, appearing in the form of two enantiomeric structures called A and A, which have considerable importance because of their ability to interact with DNA. As evaluated by spectral studies, binding of R~(phen)3~+ and Ru(DIP)s2' to DNA supports an enantiomeric stereoselectivity. The enantiomer A binds to B-DNA and the enantiomer A binds to Z-DNA (1) (2) (3) 13, 24) .
Although the uses of these ruthenium compounds have mainly been focused on physicochemical aspects, the affinity and staining properties of these complexes and particularly of Rubipy have largely been overlooked in cytochemical studies. The strong visible absorption and the high fluorescence of Rubipy (13) (see Figure 1) could provide a very valuable microscopic tool to test its possible interaction with a variety of polyanions of biological interest.
Considering that similar complexes [i.e., tris (1,lO-phenanthroline) iron (II)] have been shown to be useful histochemical reagents (30), we carried out microscopic and microfluorimetric studies to analyze the fluorescence reaction of Rubipy with mast cell granules (MCGs) and heparin. 
Materials and Methods
Mast cells were obtained from the peritoneal cavity of adult male Balblc mice (10-12 weeks) according to the method of Sterk and Ishitaka (29), slightly modified. Briefly, 3 ml of Tris-A-EDTA buffer, pH 7.6 [containing 0.025 M Bis-HCI (Aldrich; SteinheimlAlbuch, Germany), 0.12 M NaCl (Merck; Darmstadt, Germany), 0.01 M EMIA (Aldrich), and 0.1 mg/ml bovine serum albumin (BSA; Sigma, St Louis, MO)] was injected into the peritoneal cavity. The abdomen was then gently massaged for 1 min and the peritoneal washing solution was extracted and centrifuged at 1000 rpm for 10 min. The cell pellet was re-suspended in a small amount of Tris-A-EDTA buffer. Smears with a low cell density were made on glass slides, fixed in methanol (Merck) for 2 min, and air-dried.
Formalin-fixed (4% formaldehyde in PBS, pH 7.4. 12 hr), paraffinembedded blocks of human breast biopsy specimens were obtained from La Paz Hospital Tissue Archives. Breast biopsies contained infiltrative ductal carcinomas, with significant proliferation of mast cells (7,11,16,2~) .
Solutions of Rubipy (Sigma; crystalline, lot 78 F-3475) at different concentrations (50, 25, 12.5, and 6.25 pglml) were made in distilled water and applied to cell smears for 5 min at room temperature (RT about 20.C).
Smears were washed in distilled water and air-dried, Control (untreated) smears were also checked for autofluorescence. In all cases, after pre-treatments the smears were brief3y washed, airdried, and stained with Rubipy (25 pglml) as described above. Preparations were mounted either in distilled water, 50% glycerol (Merck), Merckoglas (Merck), DePeX, or directly examined by oil-immersion microscopy (Ztiss, Oberkochen, Germany). Slides were observed with a Zeiss photomicroscope I11 equipped with the epiauomccnce condenser IIl RS, a high-pressure mercury lamp (HBO, 100 W), and filter sets for ultraviolet (uv, 365 nm).
violet (405 nm), blue-violet (436 nm), and blue (455-495 nm) exciting tight.
Microfluorheuic studies of cells stained with Rubipy were performed using the photometer head 03 (&is) and the HTVR 446 photomultiplier. A fluorescent uranyl glass was used as the emission standard. Measurements of fluorescence intensity of cells were normalized in relation to this standard. The average of mast cell fluorescence intensity was chosen as 100% and all the results were expressed as the mean * SD of this value.
To compare the interaction of Rubipy with sweral biological molecules, 2 4 samples of 1 mglml solutions ofBSA (Sigma), pectic acid, DNA. chondroitin sulfate (Serva), heparan sulfate. heparin, and chemically modified heparins [heparin partially N-desulfated (N-des), heparin partially O-desulfated (0-des), heparin partially N-desulfated N-acetylated (N-des N-Ac) and heparin partially ON-dcsulfated N-acetylated (OIN-des N-Ac) (prepared by Syntex; Buenos Aires, Argentina)] were blotted onto positively charged nylon membranes (Boehringer; Mannheim, Germany). Then the blots were air-dried overnight at RT, stained with 25 pg/ml Rubipy under the same conditions described for cell smears, and observed in a ChromatoVue transilluminator (model TM-20; W, San Gabriel, CA). Photographs of blots were scanned in a color imaging scanner "La Cie" (model G 520 A; Seiko Epson, Tokyo, Japan) and the images were analyzed with the NIH image 1.55 f Macintosh software pack.
The spectral analysis shown in Figure 1 was performed on a 25 pglml solution of Rubipy in distilled water by using Perkin-Elmer (Norwalk, CT) instruments (UvlVIS 551-S spectrophotometer and 650-10s fluorescence spectrophotometer).
Results
After treatment with different concentrations of Rubipy, observation of peritoneal cell smears under blue or blue-violet exciting light showed a bright orange fluorescence of MCGs and lymphocyte nuclei (W). Violet excitation was also suitable, but w exciting light resulted in a somewhat diminished intensity of the fluorescence and the observed color shifted to orange-red. Fluorescent structures showed no color under brightfield illumination, and control (unstained) smears did not reveal autofluorescence.
After treatment with 5 0 or 25 pglml Rubipy, the fluorescence of MCGs was approximately twofold more intense than in LN.
Smears treated with 12.5 or 6.25 pglml showed diminished fluorescence intensity of MCGs, whereas that of LN was approximately the same as with the previous concentrations. Therefore, further assays were carried out with 25 pglml Rubipy. MCGs stained with solutions of Rubipy at low pH showed high fluorescence intensity, whereas LN revealed only a weak emission. pH values lower than 2 provided the greatest differences in fluores- cence intensity between the two structures (Figures 2a and 3) .
Comparative results after several pre-treatments are shown in Table 1 . AIK(S04)z diminished the fluorescence intensity of LN, whereas MCGs were not affected. Ca2+ and BaZ+ ions only diminished the fluorescence reaction of MCGs, and similar results were also observed in methylated cell smears. Pre-treatments with cationic proteins abolished the emission from the fluorescent structures.
A very suitable method for detection of mast cells in fluorescence microscopy was a pre-staining step with Mayer's hematoxylin. In this case, only LN showed an intense blue-violet staining under brightfield illumination, whereas MCGs exhibited orange emission under blue or blue-violet exciting light (Figures 2b and 2c) .
DePeX was the optimal mounting medium for microscopic observation of Rubipy fluorescence. In this case, practically no fading was observed in cells subjected to prolonged irradiation (Figure 4) . Somewhat diminished brightness was found using distilled water or immersion oil. Fifty percent glycerol and Merckoglas were not suitable for observation because of the high fading rate.
Mast cells from paraffin sections of human breast biopsy speci- mens treated with Rubipy ( 2 5 pglml) showed the same bright orange fluorescence under blue or blue-violet exciting light as that observed in mast cell smears. The hematoxylin-Rubipy staining sequence was optimal for detection of mast cell fluorescence in tissue sections (Figures 5a and 5c-5e). In this case, the number and the topographic distribution of mast cells were easily observed. Other polyanionic cell structures, such as chromatin, could also be visualized under brightfield illumination (Figure 5b ). The fluorescence pattern of different macromolecules stained with Rubipy is shown in Figure 6 . BSA did not show any fluorescence reaction. The emission intensity of DNA and pectic acid was higher at pH 5 than at pH 1.5. However, the fluorescence of sulfated polysaccharides such as heparin, chondroitin sulfate, and heparan sulfate, was less affected by pH changes. The brightness of chondroitin sulfate was lower than that of heparan sulfate. Heparin blots presented the highest orange fluorescence ( Figure Ga) .
The emission intensity of blots pre-treated with distilled water adjusted to pH 1.5 and then stained with Rubipy at pH 5 was entirely similar to that of blots without acid pre-treatment, suggesting that the adhesion of macromolecules to the nylon membrane was not affected by the low pH (data not shown).
The influence of 0-sulfate and N-sulfate groups of heparin on Rubipy-heparin interaction was studied using several chemically modified heparins. The fluorescence of partially N-desulfated heparins (N-des and N-des N-Ac) was similar to that of unmodified heparin. However, partially 0-desulfated heparins (0-des and OlNdes N-Ac) showed diminished fluorescence intensity (Figure bb) .
Discussion
Peritoneal cavity washings yield abundant mast cells and lymphocytes. It is well known that heparin is the major polyanionic component of the mast cell (15). However, LN are easily observable and were chosen for comparative purposes because some mast cell nuclei are obscured by dense cytoplasmic granules. Therefore, peritoneal cell smears are very suitable for the design and application of new staining and fluorescence reactions with polyanions such as heparin of MCGs and DNA of LN.
In recent years, considerable interest has developed in the biochemical applications of polypyridyl (i.e., 2,2'-bipyridine; 2,2'.2"- terpyridine; 1.10-phenanthroline) complexes with ruthenium (13, 20, 24) . The bipyridine ligand has few chemical reactions other than chelation, and bears no net charge, so its tris-chelate complexes are invariably cationic. Accordingly, it seems obvious that electrostatic interactions could be expected to occur between Rubipy and polyanionic substrates. In this connection, electrostatic and surface binding modes of Rubipy to DNA have been found (U), but its cytochemical applications andlor possible interactions with other polyanions have not previously been studied.
From pH studies, as well as those made in the presence of different salts, it could be,assumed that there are ionic interactions between Rubipy and DNA or heparin. Thus, pre-treatment of smears with aluminum ions, which bind strongly to DNA (18,27), decreases LN fluorescence, whereas Ca2+ and Ba2+ ions, which have high affinity for sulfate groups (23,31), decrease the MCG fluorescence without affecting LN emission intensity. The fluorescence of both MCGs and LN was abolished by pre-treatment with highly cationic proteins (protamines and poly-L-lysine). Comparative microscopic and model studies carried out on the fluorescence emission of Rubipy in cell smears and blots of several macromolecular substrates under different pH conditions showed a very good correlation. At pH 5 , the compound band mainly to sulfate groups of heparin, chondroitin sulfate, and heparan sulfate, and to a slightly lesser degree to carboxyls of pectic acid and DNA phosphates. In keeping with this, the fluorescence intensity of MCGs was higher than that of LN. At pH 1.5, the affinity of Rubipy for carboxyls and phosphates was clearly diminished [as occurs with other cationic reagents and dyes (8,17)], and the best differential reaction between sulfated and other polyanions was observed. In this case, only MCGs showed fluorescence by Rubipy staining. Therefore, it can be assumed that this emission is due to interaction of Rubipy with heparin in MCGs.
Prolonged methylation blocks and/or removes sulfate groups (23.31) and practically abolishes MCG fluorescence. Moreover, there is a high molecular content of sulfate groups in heparin, heparan sulfate, and chondroitin sulfate (5). and the fluorescence intensity observed and measured densitometrically in blots showed a similar pattem. Therefore, it seems logical to assume that Rubipy binds principally to the sulfate groups of heparin within the MCGs.
Heparin has 0-sulfate and N-sulfate groups. To study the influence of these groups on the fluorescence reaction, we used several chemically modified heparins. It is known that N-sulfate groups are less acidic than 0-sulfate groups, and this feature is also reflected in the case of heparin-Rubipy interactions. N-Desulfation of heparin produces free amino groups, which may be either protonated or neutralized by acetylation. However, the interaction between Ru-,",L bipy and partially N-desulfated heparins (N-des and N-des N-Ac) was not affected. On the other hand, the fluorescence of partially 0-desulfated heparins (0-des and O/N-des N-Ac) was lower than that of N-desulfated heparins. Several methods have been proposed to detect sulfated polysaccharides, including staining at low pH with cationic dyes such as alcian blue (17) . azure A (28). toluidine blue (12, 31) , or a number of fluorochromes (9) , particularly acridine orange (19,33) and berberine (6.21). In this work, cytochemical applications of the strongly fluorescent complex Rubipy have been shown. This compound presents some advantages over other already known fluorochromes. The bright orange Rubipy emission is easily seen with different excitation filters; it shows no fading, and the intense fluorescence is very well preserved in DePeX-mounted preparations. Moreover, a selective and interesting approach to detect sulfated polysaccharides in mast cells is the hematoxylin-Rubipy staining sequence, in which the emission of chromatin DNA is avoided. This procedure. which could be of great value for histochemical and histopathological studies on tissue sections, allows the customary visualization of nuclei under brightfield illumination, while only MCGs are observed in fluorescence microscopy.
Taking into account the heavy metal content of Rubipy. it might be of interest to use this reagent like ruthenium red for ultrastructural localization of polyanionic substrates in transmission electron microscopy. Rubipy could be also applied for topographic and quantitative analysis in scanning electron microscopy by using X-ray microanalysis, backscattered electron imaging, and element mapping, and further studies in this field are under way.
